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Summary
Hippocampal activity influences neurogenesis in the
adult dentate gyrus; however, little is known about
the involvement of the hippocampal circuitry in this
process. In the subgranular zone of the adult dentate
gyrus, neurogenesis involves a series of differentia-
tion steps from radial glia-like stem/progenitor (type-1)
cells, to transiently amplifying neuronal progenitor
(type-2) cells, to postmitotic neurons. In this study,
we conducted GFP-targeted recordings of progenitor
cells in fresh hippocampal slices from nestin-GFP
mice and found that neuronal progenitor (type-2) cells
receive active direct neural inputs from the hippo-
campal circuitry. This input was GABAergic but not
glutamatergic. The GABAergic inputs depolarized
type-2 cells because of their elevated [Cl−]i. This exci-
tation initiated an increase of [Ca2+]i and the expres-
sion of NeuroD. A BrdU-pulse labeling study with
GABAA-R agonists demonstrated the promotion of
neuronal differentiation via this GABAergic excita-
tion. Thus, it appears that GABAergic inputs to hippo-
campal progenitor cells promote activity-dependent
neuronal differentiation.
Introduction
Adult neurogenesis occurs in the dentate gyrus of the
hippocampus (Altman and Das, 1965; Seki and Arai,
1991, 1993; Cameron et al., 1993; Eriksson et al., 1998;
Kornack and Rakic, 1999; Palmer et al., 2000; van
Praag et al., 2002), which may underpin the modulation
of cognitive brain functions (Shors et al., 2001; Feng et
al., 2001; Drapeau et al., 2003). Considerable evidence
exists to support the concept that neural activity alters
the rate of neurogenesis in this area (Cameron et al.,
1995; Bengzon et al., 1997; Parent et al., 1997; Malberg
et al., 2000; Blümcke et al., 2001; Nacher et al., 2001).
Although this implies that neural inputs act directly on
adult hippocampal progenitor cells, very little informa-
tion exists regarding the neural connections between
these cells and the hippocampal network. In order to
understand the regulatory mechanism underlying neu-
ronal differentiation, it is important to determine the*Correspondence: hisatsune@k.u-tokyo.ac.jptypes of neural inputs on adult hippocampal progenitor
cells and their physiological effects.
In a previous study, we identified a two-step differen-
tiation process in an early phase of adult neurogenesis
(Fukuda et al., 2003), from radial glia-like stem/progeni-
tor cell (type-1 cell) to transiently amplifying neuronal
progenitor cell (type-2 cell). A similar finding has also
been reported by other groups (Seri et al., 2001, 2004;
Filippov et al., 2003; Kronenberg et al., 2003; Steiner et
al., 2004). The characteristics of the type-1 cell resem-
ble those of radial glial cells residing in the embryonic
ventricular zone, which have recently been recognized
as neural stem cells (Noctor et al., 2001; Miyata et al.,
2001). The most notable characteristics of the type-2
cell are its extremely high input resistance (IR) and ro-
bust proliferative activity. Recently, a similar transiently
amplifying neuronal cell type has also been reported in
embryonic neocortex (Noctor et al., 2004). The unique
properties of the type-2 cell led us to speculate that if
neural inputs exist on these cells, they could provide
the means to drive the genesis of new neurons.
This hypothesis that some activity-dependent regula-
tion of neurogenesis is mediated through the progenitor
cell is supported by reports demonstrating that in the
developing brain, neurotransmitters such as GABA and
glutamate can act to modulate the proliferation and dif-
ferentiation of these cells (LoTurco et al., 1995; Antono-
poulos et al., 1997; Haydar et al., 2000; Nguyen et al.,
2003). It is well known that GABA acts as an inhibitory
neurotransmitter in mature neurons; however, in imma-
ture cells, activation of GABAA receptors elicits a depo-
larization of the membrane potential because of the
cells’ increased ECl (Owens and Kriegstein, 2002; Ben-
Ari, 2002). A pioneer study by Kriegstein and colleagues
demonstrated that both GABA and glutamate depolar-
ize embryonic cortical progenitor cells and then induce
terminal differentiation for neurons (LoTurco et al.,
1995). Therefore, it is reasonable to speculate that in
the adult dentate gyrus, the release of both GABA and
glutamate from the mature circuitry could have a regu-
latory effect on the neuronal differentiation of progeni-
tor cells.
Depolarization of progenitor cells elicits an elevation
of [Ca2+]i through the activation of voltage-gated cal-
cium channels, as previously reported for both embry-
onic and adult progenitor cells (LoTurco et al., 1995;
Deisseroth et al., 2004). Very interestingly, Deisseroth et
al. have demonstrated that this calcium signaling in-
duced the expression of NeuroD, a positive regulator of
neuronal differentiation. Indeed, NeuroD is required for
differentiation of the granule cells in the dentate gyrus
of the hippocampus (Liu et al., 2000), and its expression
has been observed in differentiating adult dentate gy-
rus progenitor cells (Seki, 2002a, 2002b).
A major ascending fiber tract (perforant pathway) to
the dentate gyrus originates from entorhinal cortex.
These excitatory fibers make synapses with projecting
granule neurons as well as local interneurons in the mo-
lecular layer of the dentate gyrus. Two subpopulations
of hippocampal progenitor cells are found in the sub-
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804granular zone of the dentate gyrus. Type-1 cells extend
their processes toward the molecular layer, whereas
type-2 cells do not extend processes in any direction.
It has also been reported that fibers from local interneu-
rons ascend to the subgranular zone (Freund and Buz-
saki, 1996; Mott et al., 1997). This finding suggests that
progenitor cells could make contact with GABAergic
and glutamatergic terminals from the surrounding hip-
pocampal circuitry.
In this study, we used GFP-guided targeted-patch
clump recording to investigate whether either type-1 or
type-2 cells display functional expression of receptors
for neurotransmitters such as GABA or glutamate. Our
results demonstrate that type-2 cells receive excitatory
GABAergic inputs but not glutamatergic inputs. This
excitation increased [Ca2+]i and induced the expression
of NeuroD. The findings presented here provide evi-
dence of GABAergic connections to dividing hippo-
campal progenitor cells, resulting in the activity-depen-
dent promotion of neuronal differentiation in adult brain.
Results
Adult Hippocampal Transiently Amplifying
Progenitor, Type-2, Cells Respond to GABA
We first investigated the types of neurotransmitter re-
ceptors found on type-1 and type-2 cells in the adult
dentate gyrus by means of GFP-targeted-patch clump
recording. For this purpose, we used nestin-GFP trans-
genic mice (Yamaguchi et al., 2000) in which GFP pro-
teins are expressed under the control of the nestin pro-
moter and its second intron (Zimmerman et al., 1994),
allowing the expression of the transgene (GFP) in both
cell types (Figure 1A). In fresh hippocampal slices from
the nestin-GFP mice, we could easily detect a large
number of GFP+ cells within the subgranular zone (Fig-
ure 1B). Presumptive GFP+ type-1 cells were initially
identified microscopically by their radial glia-like pro-
cesses (Figure 1C) and GFP+ type-2 cells by their round
soma and lack of visible processes (Figure 1D). After
patching the cells, these two distinct subpopulations
were confirmed based on their IR value (type-1 progeni-
tor cells, IR < 0.5 G; type-2 progenitor cells, IR > 0.5 G).
We then investigated whether these progenitor cells
respond to GABA, glutamate, or other authentic neuro-
transmitters. In the case of type-1 cells, we could not
detect any currents after focal application of GABA
(0%, n = 12), NMDA (0%, n = 11), AMPA (0%, n = 11),
or glycine (0%, n = 11) (Figures 1E, 1F, 1G, and 1H,
respectively). Surprisingly, however, we detected signif-
icant inward currents in most type-2 cells after the focal
application of GABA (Figure 1I) (90.5%, n = 42). These
GABA-evoked currents were completely and reversibly
inhibited by bicuculline, a selective GABAA receptor
(GABAA-R) antagonist (100% of all GABA-responsive
type-2 cells; n = 10), indicating that the responses were
mediated by the activation of GABAA-Rs. The dose-
response characteristics indicated an approximate
half-maximal response concentration of 230 M for
GABA (Figure 1J). In contrast, type-2 cells did not re-
spond to the other neurotransmitters: NMDA (0%, n =
14), AMPA (0%, n = 10), and glycine (0%, n = 11) (Fig-
ures 1K, 1L, and 1M, respectively), suggesting that an
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2nalysis of the physiological role of GABAergic inputs
o type-2 cells would lead to a better understanding of
he mechanisms regulating activity-dependent adult
eurogenesis.
In order to clarify the nature of the type-2 cells, we
lso characterized them immunohistochemically after
he recording session. As shown in Figure 2A, all type-2
ells, as determined by their high IR values and GFP
xpression, were stained positively with anti-PSA-NCAM
ntibody. This staining pattern was never observed
ith type-1 cells, providing another means of identi-
ying type-2 cells.
To determine what proportion of type-2 cells are un-
ergoing proliferation in vivo, we next identified type-2
ells by their expression of both nestin-driven GFP and
SA-NCAM and then determined their staining pattern
or anti-Ki67 antibody (Figure 2B), the expression of
hich is observed from the late G1 phase of the cell
ycle toward the M phase (Scholzen and Gerdes, 2000).
ost cells stained with the anti-Ki-67 antibody (76.40% ±
.30% per total type-2 cells) (Figures 2C–2E). Immuno-
istochemically, type-1 cells displayed nestin-driven
FP expression but were PSA-NCAM negative, charac-
eristics which are considered to define the type-1-cell
opulation (Fukuda et al., 2003; Kempermann et al.,
004); they could also be characterized based on being
FAP positive or GLAST positive (data not shown).
nly a small proportion of type-1 (GFP+/PSA-NCAM−)
ells stained with anti-Ki67 antibody (25.12% ± 0.20%),
ndicating that few type-1 cells are cycling in vivo.
Based on these data, we can confirm that type-2
ells are actively dividing progenitor cells. Give that our
lectrophysiological studies have also revealed that
hese cells express functionally active GABAA recep-
ors, our findings raise the intriguing possibility that
ABAergic neural inputs exist on actively dividing type-2
ells and that these putative neural connections could
e affecting the differentiation of adult progenitor cells.
ABAergic Inputs onto Type-2 Cells
ext, we investigated whether type-2 progenitor cells
eceive GABAergic inputs from the hippocampal cir-
uitry. In whole-cell recordings of type-2 cells, we found
everal spontaneous currents (Figure 3A). If these cur-
ents result from neural inputs, their frequency should
e increased by the application of 4-aminopyridine
4-AP), a K+-channel blocker that augments transmitter
elease (Hennou et al., 2002). This was shown to indeed
e the case; the frequency of mEPSC-like currents was
ubstantially increased by the addition of 4-AP (100
M; n = 12). These currents were completely abolished
y tetrodotoxin (TTX; n = 3/3) (Figures 3B–3C), indicat-
ng the involvement of voltage-dependent Na+ chan-
els. The 4-AP-induced currents were also blocked by
he addition of bicuculline (n = 4/4) (Figures 3D–3E).
hus, it is reasonable to assume that GABAergic inputs
nto type-2 cells elicit their spontaneous currents. In
ccordance with our findings, Wang et al. (2005) have
lso very recently reported synaptic GABAergic cur-
ents in type-2 cells. In embryonic brain, progenitor
ells are tonically activated by GABA release at an ex-
rasynaptic site (LoTurco et al., 1995; Demarque et al.,
002). However, in adult hippocampus, type-2 cells did
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805Figure 1. The Presence of Functional GABAA Receptors on Type-2 Cells
(A–D) Expression of GFP protein in both type-1 and type-2 cells in the adult dentate gyrus of nestin-GFP transgenic mice. (A) Structure of
nestin-GFP transgene. (B) Confocal microscope image of the dentate gyrus of a nestin-GFP mouse. (C and D) Representative examples of
fluorescence images of GFP+ type-1 and type-2 cells, respectively.
(E–H) Lack of response of type-1 cells to stimulation by any neurotransmitter. No detectable currents were induced by GABA (1 mM [E]),
NMDA (1 mM [F]), AMPA (1 mM [G]), or glycine (1 mM [H]). VH = −60 mV (GABA, AMPA, and glycine). VH = −30 mV (NMDA).
(I–M) Responses to different neurotransmitter-receptor agonists in type-2 cells. (I) Responses to GABA are mediated by the activation of
GABAA-R. GABA (200 M) elicits an inward current. Typical recordings obtained from one cell clearly demonstrate reversible inhibition by the
GABAA-R antagonist, bicuculline (Bic; 50 M). VH = −60 mV. (J) Dose-response curve of GABA-induced currents in type-2 cells in comparison
with those in mature granule neurons. In each case, the data were normalized to the maximal response and were fitted by using the Hill
equation. Half-maximal concentrations and Hill coefficients were 230.6 M and 1.12, respectively, in type-2 progenitor cells (n = 4) and 106.5
M and 1.07 in granule cells (n = 5). No detectable currents were induced by NMDA (1 mM [K]), AMPA (1 mM [L]), or glycine (1 mM [M]). VH =
−60 mV (GABA, AMPA, and glycine). VH = −30 mV (NMDA). All agonists were focally applied, whereas the bicuculline was bath applied. A
K-gluconate-based pipette solution was used for all recordings. Scale bar, 100 m (B) and 10 m (C and D).not respond to GABA in this manner because the appli-
cation of bicuculline did not alter the baseline current
(Figures 3F–3G).
We next tested if GABAA-R currents could be gener-
ated by electrical stimulation of the local circuitry.
When a single electrical stimulus was applied to the
perforant pathway (main excitatory inputs into dentate
gyrus), no inward currents were elicited in type-2 cells.
Inward currents were, however, observed in response
to a single stimulation of the hilar region (Figure 4A1),
suggesting functional coupling between hilar GABAer-
gic interneurons and type-2 cells. In control experi-
ments, granule cells showed responses to both perfor-ant pathway and hilar region stimulation (Figure 4A2).
The reversal potential elicited by hilar stimulation was
close to that estimated for Cl− (ECl = 1.35 mV), and cur-
rents evoked by hilar stimulation were almost com-
pletely blocked by the addition of bicuculline (Figures
4B–4C).
In the dentate gyrus, interneurons are significantly
activated during theta range oscillations driven by neu-
ronal inputs from entorhinal cortex. Therefore, we
asked whether GABAergic inputs on type-2 progenitor
cells could be evoked by theta-burst oscillatory stimu-
lation of the perforant pathway. Although a single stim-
ulation of the perforant pathway did not evoke any cur-
Neuron
806Figure 2. Immunohistochemical Evidence that Type-2 Cells Are Actively Dividing Progenitor Cells
(A) Expression of PSA-NCAM in type-2 cells after targeted recording. Type-2 cells, as determined according to electrophysiological criteria
(IR > 0.5 G), were PSA-NCAM positive (n = 7/7).
(B) Recorded type-2 cells (n = 3) expressed Ki67 antigen.
(C–E) Proliferating type-2 cells in the subgranular zone (SGZ). (C) Tricolor immunohistochemical analysis demonstrates the existence of type-2
cells (GFP and PSA-NCAM staining), which were actively cycling (as revealed by Ki67 antigen). (D) Z-series images from type-2 cells indicated
by an arrow in Figure 2C. (E) Histogram showing that most type-2 cells (GFP+/PSA-NCAM+) were actively dividing. In contrast, only a small
proportion of type-1 cells (GFP+/PSA-NCAM−) were Ki67 positive. 600 type-1 and type-2 cells from three animals (200 cells per each animal)
were measured respectively. Error bars indicate standard error of the mean (SEM). Scale bar, 10 m.rents in type-2 cells, stimulation of the perforant
pathway by a theta-burst protocol (Schmidt-Hieber et
al., 2004) did elicit GABAergic currents in these cells
(n = 3) (Figure 4D). This type of oscillation can also be
induced experimentally by bath application of car-
bachol, a muscarinic acetylcholine receptor activator
(Fisahn et al., 1998). As shown in Figure 4E, the bath
application of carbachol triggered GABAA-R-depen-
dent mEPSC-like currents in type-2 cells. In support of
this result, it has been reported that cholinergic ter-
minals innervate the hilar region of the dentate gyrus
(Dougherty and Milner, 1999). From these observations,
it can be concluded that type-2 cells could receive
GABAergic inputs from hippocampal interneurons,
which could be activated by theta-range oscillatory
hippocampal-network activity (Figure 4F).
To verify at the morphological level whether type-2
cells receive GABAergic terminals, we performed both
electron and confocal microscopy studies. When
viewed at the electron-microscope level, type-2 cells
corresponded well to the “D cells” reported previously
by Seri et al. (2001), whereas type-1 cells corresponded
to “B cells” (Kempermann et al., 2004). As shown in
Figures 5A and 5B, we identified nestin-GFP expressing
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rype-2 as well as type-1 cells. We also observed some
erminal-like structures close to the surface of the
ype-2 cells, which were identified by their GFP staining
Figure 5B#). Using confocal microscopy, we found that
ABAergic terminals lay in close apposition to type-2
ells, as evaluated by the expression of the vesicular type
f GABA transporter (VGAT) at the putative GABAergic
erminals (Figures 5C–5G). These observations strongly
uggest that type-2 cells receive some terminals from
ippocampal GABAergic interneurons.
ABA Depolarizes Type-2 Cells, Inducing
he Expression of NeuroD, a Positive
egulator of Neuronal Differentiation
o determine whether the opening of GABAA-Rs on
ype-2 cells induced the membrane depolarization, we
ecorded from type-2 cells by using the gramicidin per-
orated-patch clamp technique. The application of GABA
roduced a membrane depolarization of approximately
0 mV in current clamp mode (Figure 6A1), and the re-
ersal potential for Cl− was −36.29 ± 2.56 mV (n = 13)
Figure 6B1). In control experiments, GABA application
ad a hyperpolarizing effect on granule cells, and their
eversal potential for Cl− was –81.56 ± 2.15 mV (n = 10).
GABAergic Inputs on Adult Progenitor Cells
807Figure 3. Spontaneous Postsynaptic-like Currents in Type-2 Cells
(A) Three examples of spontaneous synaptic-like currents recorded
from type-2 cells. VH = −60 mV. A CsCl-filled pipette solution was
used.
(B and C) Bath application of 4-aminopyridine (4-AP; 100 M) sub-
stantially increased the frequency of mEPSC-like currents in these
cells. The 4-AP-induced increase in spontaneous activity was
blocked by TTX (1 M). (C) Amplitude histograms of spontaneous
currents (mEPSCs) evoked by 4-AP before and during TTX applica-
tion. Data were obtained from three type-2 cells (mean values).
(D and E) A GABAA-R antagonist, bicuculline, blocks the generation
of mEPSC-like currents in type-2 cells. Bicuculline (Bic) was bath-
applied at 50 M. (E) Amplitude histogram of 4-AP-evoked
mEPSCs before and during application of bicuculline. Data were
obtained from four type-2 cells (mean values).
(F and G) Absence of tonic activation of GABAA-R in type-2 cells.[Cl−]i of type-2 cells was estimated as being 30.83 ±
2.93 mM, whereas that of granule cells was 5.38 ± 0.40
mM (Figure 6C). Furthermore, we observed the expres-
sion of Na+-K+-2Cl− cotransporters (NKCCs) in type-2
cells (Figure 6D), which could account for the high [Cl−]i
of immature cells. Next, we verified whether GABA ap-
plication could trigger an elevation of [Ca2+]i in type-2
cells. As shown in Figures 6E and 6F, GABA application
resulted in an elevation of [Ca2+]i, a response that was
blocked by the addition of Ni2+, an inhibitor for voltage-gated calcium channels (Figure 6F). These results indi-
cate that GABAergic excitation in type-2 cells leads to
calcium influx via their voltage-gated calcium channels.
In order to examine whether the calcium influx trig-
gered by GABAA-R activation would be involved in the
differentiation of progenitor cells, we developed a new
short-term (20 hr) hippocampal slice culture protocol to
evaluate the acute effect of GABAergic inputs on type-2
cells (Figure 7A) and evaluated the expression levels of
a transcription factor, NeuroD (Figure 7B). NeuroD is a
positive regulator of neuronal differentiation, which me-
diates terminal differentiation of granule cells in the
dentate gyrus (Liu et al., 2000). After 20 hr of GABA
stimulation, we detected a fraction of GFP+ cells dis-
playing elevated levels of NeuroD (fluorescence inten-
sity > 100); this result was completely eliminated in hip-
pocampal slices after the addition of Ni2+ (Figure 7C).
These in vitro data strongly suggest that GABAergic ex-
citation of type-2 cells triggers the induction of NeuroD,
promoting their neuronal differentiation.
GABAergic Stimulation Promotes Neuronal
Differentiation in Adult Hippocampal
Progenitor Cells
To test whether GABAergic stimulation could affect the dif-
ferentiation of type-2 cells in vivo, we evaluated the effects
of several treatments targeted toward the GABAergic sys-
tem on the proliferation and/or the differentiation of adult
hippocampal progenitor cells; two agonists (phenobarbital
and pentobarbital) and two antagonists (picrotoxin and
pentylenetetrazole) for GABAA-Rs were selected for study.
To determine whether the GABAergic inputs on type-2
cells could block their cell-cycle progression, we treated
mice with three injections of these drugs and subsequently
labeled dividing cells by a single injection of BrdU. Treat-
ment with a GABAA-R antagonist substantially elevated
the number of BrdU+ type-2 cells, whereas GABAA-R
agonist treatment had the opposite effect. We also
counted the number of BrdU+ type-1 cells but did not
detect any statistical difference between the five
groups (data not shown). These results clearly show
that GABAergic stimulation specifically affects type-2
cells and that the absence of this stimulation leads to
the accumulation of dividing type-2 cells.
To evaluate whether GABAergic stimulation could
promote the neuronal differentiation of adult hippocam-
pal progenitor cells, we labeled dividing cells by a sin-
gle BrdU injection and then treated mice with seven
shots of GABAA-R agonist or antagonist for the subse-
quent 7 days, based on the findings of Kempermann et
al. (2004) who estimated that the length of the type-2
cell stage is about 7 days. Mice were killed 28 days
after the BrdU injection, and the total number of newly
born neurons in each experimental group was counted
by double immunostaining with anti-BrdU and anti-cal-
bindin, a marker for mature granule cells (Kempermann
et al., 2004; Abrous et al., 2005). Data from this analysis
demonstrated that the administration of GABAA-R ago-
nist significantly increased the number of new neurons
in the adult dentate gyrus (Phenobarbital, 435 ± 42
BrdU+ new neurons; pentobarbital, 443 ± 49; control,
296 ± 35; p < 0.05). This suggests that the excitation of
type-2 cells by GABAergic inputs promotes their neu-
Neuron
808Figure 4. Stimulus-Evoked Activation of GABAA-Rs on Type-2 Cells
The stimulating electrodes were located in the perforant pathway or hilar region. Cells were recorded with a CsCl pipette solution. (A1) A
single perforant pathway stimulus induced no inward currents in type-2 cells, whereas a single electrical stimulus to the hilar region evoked
a significant inward current. VH = −60 mV. (A2) As a control, perforant pathway stimulation was shown to induce inward currents in mature
granule cells, as did hilar stimulation. VH = −60 mV. (B1) Stimulation-evoked currents resulting from hilar stimulation recorded at different
holding potentials ranging from −90 to +60 mV. (B2) I-V relationship of the peak amplitude of stimulation-evoked currents. (C) Hilar stimulation
of a type-2 cell elicited inward currents, which were blocked by bicuculline (Bic; 50 M). VH = −60 mV. Histogram shows a comparison of the
evoked inward current amplitudes in the absence (control) and presence of bicuculline (mean ± SEM; n = 5 cells). Asterisk, p < 0.05. (D)
GABAA-R-mediated inward currents in a type-2 cell evoked by stimulation of the perforant pathway by using a theta-burst protocol. VH = −60
mV. Similar results were obtained from two other type-2 cells. (E) Bath application of carbachol (Cch; 40 M) increased the frequency of
spontaneous synaptic current activity in type-2 cells. This activity was blocked by bicuculline (50 M). Similar results were obtained from six
other type-2 progenitor cells. (F) Schematic illustration showing a possible interaction between type-2 cells and the hippocampal GABAergic
network. Activation by both perforant pathway stimulation and the cholinergic stimulation would lead to the activation of GABAergic interneu-
rons located in the nearby dentate gyrus, causing them to release GABA toward type-2 cells. GCL, granule cell layer; SGZ, subgranular zone.ronal differentiation and that this GABAergic stimulation
consequently enhances adult hippocampal neurogen-
esis. In this experiment, we did not observe any signifi-
cant difference in the number of total BrdU-labeled new
neurons between control and GABAA-R antagonist
group.
Discussion
GABAergic Inputs on Adult Progenitor Cells
in Dentate Gyrus
A surprising result of the present study was that in the
adult dentate gyrus, even a progenitor cell receives
neural inputs from the surrounding hippocampal cir-
cuitry. Interestingly, this input was GABAergic but not
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slutamatergic. This is perhaps not so strange given that
uring early hippocampal development, GABAergic
ynapses form prior to glutamatergic ones (Khazipov et
l., 2001), whereas in the adult hippocampus, oligoden-
rocyte precursor cells receive GABAergic inputs (Lin
nd Bergles, 2004). Very recently, Overstreet Wadiche
t al. (2005) have reported that newborn granule cells
nitially receive only GABAergic synapses. Furthermore,
uring adult olfactory bulb neurogenesis, new neurons
lso first receive GABAergic synapses and then gluta-
atergic ones (Carleton et al., 2003). In addition, Mayo
t al. (2005) noted the expression of GABAA-Rs on adult
ippocampal progenitor cells at the electron micro-
copic level.
Although many types of axons, including the gluta-
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809Figure 5. Morphological Evidence for GABAergic Innervation on
Type-2 Cells
(A–B) Immunoelectron microscopy images of GFP+ type-1 and
type-2 cells. GFP was visualized with electron-dense DAB precipi-
tation after anti-GFP staining. (A) Image showing type-1 cell with
radial processes and irregular nuclei. (B) Image showing type-2
progenitor cell with dark nuclei and scant cytoplasm, as well as a
type-1 cell. (B#) Enlarged view of boxed area in (B). A terminal-like
structure apposed to the plasma membrane of a type-2 cell. 1,
type-1 cell; 2, type-2 cell; G, granule cell. Scale bar, 4 m (A and
B); 200 nm (B#).
(C–G) Confocal images of the subgranular zone of adult mice. VGAT
(vesicular GABA transporter)-expressing terminal-like structures in
close contact with type-2 cells. (C) Nestin-GFP expression. (D)
PSA-NCAM staining. (E) VGAT staining. (F) Merged. (G) Enlarged
view of boxed area in (F), focusing on the VGAT+ nerve terminals
on the type-2 cell at high magnification. Note GABAergic terminals
making contact on a type-2 cell. Scale bar, 5 m (F); 1 m (G).matergic and cholinergic systems, penetrate into the
subgranular zone of the adult dentate gyrus, only
GABAergic terminals make functional contact with
adult progenitor cells. This might reflect the character-
istics of GABAergic neurons, which tend to connect
with immature cells. Although we did not obtain any
information to elucidate the nature of the putative
GABAergic interneurons that send axons to type-2
cells, probable candidates may well be the basket cells
or axo-axonic cells described by Freund and Buzsaki
(1996). Such GABAergic interneurons receive neural in-
puts from perforant pathways and send their axons
widely throughout the subgranular zone of the dentate
gyrus (Kneisler and Dingledine, 1995). It is therefore
reasonable to presume that neuronal progenitor cells
located in the subgranular zone make connections with
hippocampal GABAergic interneurons.GABAergic Excitation as a Regulator
of Adult Neurogenesis
In this study, we found that the excitation of adult hip-
pocampal progenitor cells through the activation of
GABAA-Rs initiated calcium influx, subsequently induc-
ing the accumulation of a neurogenic transcription fac-
tor, NeuroD. Deisseroth et al. (2004) have also reported,
in an in vitro culture system, that excitatory signals ex-
ert a direct effect on dividing adult progenitor cells and
have highlighted the importance of calcium signaling
and NeuroD expression for neuronal differentiation. In
addition, our data from BrdU pulse studies provide
good evidence for the promotion of neuronal differenti-
ation via this excitatory GABAergic system. Therefore,
we can propose here a new role for the hippocampal
excitatory GABAergic system in terms of its activity-
dependent regulation of neuronal differentiation in the
adult dentate gyrus. In support of our conclusion, Liu et
al., (2005) have recently reported that GABA signaling in
postnatal subventricular zone controls proliferation of
adult progenitor cells.
Participation of the GABAergic system in the regula-
tion of neurogenesis in the adult dentate gyrus has re-
ceived only minimal attention to date. Given that the
response of progenitor cells has been shown to be
GABA-specific, GABAergic connections between these
cells and GABAergic interneurons serve as the only
form of neural input from the surrounding hippocampal
circuitry. From the present data, it can be concluded
that GABAergic interactions are the source and target
of the first neural contacts formed in the hippocampal
neuro-germinal zone and that GABA-mediated trans-
mission promotes neuronal differentiation in this area.
Regulation of Adult Neurogenesis by Hippocampal
Network Activity
Adult hippocampal neurogenesis is influenced by epi-
leptic conditions (Bengzon et al., 1997; Parent et al.,
1997). Patients with temporal lobe epilepsy display
specific patterns of neuronal loss, with many of the
missing cells being GABAergic interneurons (de Laner-
olle et al., 1989; Mathern et al., 1995). Experimental
models of temporal lobe epilepsy display similar pat-
terns of interneuron loss (Obenaus et al., 1993) and re-
duced inhibition of dentate granule cells (Kobayashi
and Buckmaster, 2003). It can therefore be postulated
that in epileptic conditions, decreased release of GABA
from the putative GABAergic terminal onto adult pro-
genitor cells might positively affect the proliferation of
progenitor cells in a similar manner to that observed in
GABAA-R antagonist-treated mice in our study.
NMDA receptor (NMDA-R) blockade in vivo also ro-
bustly increases precursor proliferation (Cameron et al.,
1995; Nacher et al., 2001). This might suggest a direct
influence of NMDA antagonists on adult progenitor
cells; however, by means of targeted recording, neither
we (this study) nor others (Wang et al., 2005) have de-
tected any significant functional expression of NMDA-
Rs on progenitor cells (type-1 and type-2 cells) in the
adult dentate gyrus. It is possible that this phenomenon
results from indirect effects mediated via GABAergic in-
puts onto transiently amplifying progenitor cells (type-2
cells). GABA release from hippocampal interneurons re-
Neuron
810Figure 6. High [Cl−]i Contributes to the Depo-
larizing Effect of GABA on Type-2 Cells
Reversal potential for chloride (ECl) was mea-
sured by the gramicidin perforated-patch
technique. (A) Application of GABA produced
different effects on the resting membrane po-
tential of type-2 cells and granule cells. GABA
(200 M) induces membrane depolarization in
type-2 cell (1). Recording from a granule cell
shows membrane hyperpolarization after
GABA application (2). (B) I-V relationships esti-
mated from peak current amplitudes in the
presence of GABA for type-2 cells (1) (n = 13)
and granule cells (2) (n = 10). Currents were
normalized to the peak currents recorded at
VH = 0 mV in each cell. Examples of GABA-
elicited currents at different membrane po-
tentials are shown in insert. (C) Quantitative
comparison of mean estimated [Cl−]i in
type-2 cells (n = 13) and mature granule cells
(n = 10). (D) Immunohistochemical detection
of Na+-K+-2Cl− cotransporters (NKCC1) in
type-2 cells. Scale bar, 10 m. (E) Schematic
diagram of single-cell Ca2+ imaging and fluo-
rescence image of a Fluo-4-loaded type-2
progenitor cell; the patch pipette solution
contained 31 mM Cl− and Fluo-4. (F) GABA
(200 M) application induced an elevation of
[Ca2+]i in type-2 cells. The elevation of [Ca2+]i
was blocked by the presence of Ni2+ (100
M) in the bath solution (n = 5). Error bars
indicate SEM (B, C, and F).quires NMDA-R activation (Matsuyama et al., 1997),
and it has been shown that this release can be blocked
by in vivo injection of the NMDA-R antagonist MK-801
(Rosenblum et al., 1999) used for the promotion of adult
hippocampal neurogenesis.
GABA release from hippocampal GABAergic inter-
neurons can be regulated by a wide variety of neuro-
transmitters and neuromodulators, including the sero-
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tonergic (Matsuyama et al., 1997) and cannabinoid
ystems (Katona et al., 1999). It has been demonstrated
hat the rate of adult hippocampal neurogenesis is af-
ected by modulation of serotonergic neurotransmis-
ion (Malberg et al., 2000; Santarelli et al., 2003) and is
educed in CB1 cannabinoid-receptor knockout ani-
als (Jin et al., 2004). Although it is still unclear how
hese systems regulate the rate of adult neurogenesis,
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811Figure 7. GABA-Mediated Ca2+ Influx Contributes to the Induction of
NeuroD in Type-2 Cells
(A) Confocal fluorescence micrographs of a hippocampal slice cul-
tured for 20 hr. Organotypic slices were resectioned and then im-
munostained. Green, GFP; red, NeuN; DG, dentate gyrus. Scale bar,
200 m.
(B) Confocal fluorescence micrographs of NeuroD staining of GFP+
cells after 20 hr in organotypic culture. Arrowhead shows an exam-
ple of a GFP+ cell expressing high levels of NeuroD. Open arrow-
heads show examples of GFP+ cells expressing low levels of Neu-
roD. Scale bar, 10 m.
(C) NeuroD intensity histogram from 150 cells in short-term hippo-
campal slice cultures from four animals per group: control, GABA
(100 M) treated, and both GABA and Ni2+ (100 M) treated.it is reasonable to assume that the putative interaction
between GABAergic interneurons and adult progenitor
cells is somehow involved.
Interestingly, the frequency of GABAergic inputs in
type-2 progenitor cells is increased by application of
carbachol. It has been reported that acetylcholinergic
fibers from basal forebrain penetrate to this area and
that these could be involved in the generation of a typi-
cal neuronal oscillation (Lee et al., 1994). Within the hip-
pocampal formation, γ band oscillations in the theta fre-
quency range have been implicated in exploratory
behaviors and memory formation (Bragin et al., 1995;
Chrobak and Buzsaki, 1998; Csicsvari et al., 2003). Par-
ticularly in the dentate gyrus, γ oscillations are related
to the interneuronal network (Bragin et al., 1995). In
acute brain slices, this type of oscillation can be in-
duced experimentally by muscarinic acetylcholine re-
ceptor activation (Fisahn et al., 1998). Based on results
obtained by a wide range of experimental paradigms,
this neuronal oscillation has been implicated in the en-
coding of new memories.In our study, we also found that stimulation of the
perforant pathway by using a theta-burst protocol elic-
ited inward currents in type-2 progenitor cells, probably
because of the release of GABA from the evoked
GABAergic interneurons. Taken together, our data sug-
gest that when these oscillations appear during explor-
atory behaviors and memory processing, the release of
GABA toward dividing type-2 progenitor cells is in-
creased, subsequently promoting their neuronal differ-
entiation. Indeed, it has been demonstrated that hippo-
campal-dependent learning tasks sometimes decrease
the number of proliferating cells in the adult dentate
gyrus (Dobrossy et al., 2003) in situations in which neu-
ral activity might encourage the terminal differentiation
of hippocampal progenitor cells into neurons. Further-
more, environmental enrichment has been proposed to
have a neurogenic effect early in neuronal development
in the adult dentate gyrus (Kronenberg et al., 2003).
These findings suggest that hippocampal GABAergic
activity would be elevated in animals exploring en-
riched environments.
Conclusion
The discovery that neurogenesis occurs in the adult
mammalian hippocampus has been a breakthrough in
modern neuroscience, with various studies suggesting
that adult hippocampal neurogenesis is involved in
memory and emotion (Shors et al., 2001; Santarelli et
al., 2003; Abrous et al., 2005). A number of physiologi-
cal (e.g., learning) and pathological (e.g., epilepsy) con-
ditions, which potentially modulate hippocampal
GABAergic activity levels, affect the rate of adult hippo-
campal neurogenesis. The present study has revealed
a direct interaction between dividing progenitor cells
and the hippocampal GABAergic system. This provides
an important insight into the neural mechanisms that
underlie the modulation of neuronal differentiation, en-
hancing our understanding of adult hippocampal neu-
rogenesis.
Experimental Procedures
Accute Slice Preparation
Hippocampal slices were prepared from adult (R6 weeks old) nes-
tin-promoter GFP+/+ (homozygote) transgenic mice (a generous gift
from Dr. Yamaguchi). Animals were deeply anesthetized with ethyl-
ether and then decapitated. The brains were removed quickly and
placed in oxygenated ice-cold low-calcium artificial cerebrospinal
fluid (ACSF) containing (in mM) 125 NaCl, 2.5 KCl, 0.1 CaCl2, 5
MgCl2, 1.25 NaH2PO4, 0.4 L-ascorbic acid, 25 NaHCO3, and 12.5
D-glucose (95% O2 5% CO2 [pH 7.4]). For each experiment, coronal
sections (400 m) were obtained with a vibratome and kept for 30
min at 37°C in oxygenated standard ACSF containing (in mM) 125
NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgCl2, 1.25 NaH2PO4, 0.4 L-ascorbic
acid, 25 NaHCO3, and 12.5 D-glucose. The slices were subse-
quently maintained in the same solution at room temperature until
used for experiments. All experiments performed here were carried
out in accordance with animal experimentation protocols approved
by the Animal Care and Use Committee at the University of Tokyo.
Electrophysiological Recordings
Targeted patch-clamp recordings were performed from GFP+ cells
located in the subgranular zone of hippocampus as described pre-
viously (Fukuda et al., 2003). Type-2 cells were identified by their
GFP-labeled cell body with poorly developed processes and high
IR value (>0.5 G).
For whole-cell recordings, patch pipettes were filled with a solu-
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812tion that mimicked the intracellular environment and that contained
(in mM) 120 K-gluconate, 6 NaCl, 6 CaCl2, 2 MgCl2, 2 MgATP, 0.3
NaGTP, 10 EGTA, and 10 HEPES (pH 7.2). The intracellular solution
also contained Alexa Fluor 568 hydrazide sodium salt (1/200 dilu-
tion; Molecular Probes, Eugene, OR). The IR and resting membrane
potential (RMP) were measured from each cell. No compensation
was made for liquid junction potentials.
For perforated patch-clamp experiments, gramicidin (Sigma, St.
Louis, MO) was dissolved in dimethylsulfoxide (Sigma) and then
diluted to 30 g/ml in a KCl-based filling solution containing (in
mM) 130 KCl, 5 NaCl, 0.4 CaCl2, 1 MgCl2, 1.1 EGTA, and 10 HEPES
(pH 7.2). Procedures for recording cell electrical activity were con-
ducted as described previously (Yoshida et al., 2004).
In experiments performed to elicit electrical activity in targeted
cells, a monopolar electrode (Unique Medical, Tokyo, Japan) was
inserted into the perforant pathway or hilar region. For these exper-
iments, patch pipettes were filled with a high CsCl internal solution
containing (in mM) 140 CsCl, 1 CaCl2, 2 MgATP, 0.3 NaGTP, 10
EGTA, and 10 HEPES (pH 7.2). Stimulation by using a theta-burst
protocol was performed as follows: four sets of brief bursts (ten
stimuli at 100 Hz for 100 ms) at theta frequency (5 Hz) repeated ten
times (during 2000 ms) as reported previously (Schmidt-Hieber et
al., 2004).
For single-cell Ca2+ imaging with whole-cell recordings, the
patch pipettes were filled with a Ca2+-free internal solution contain-
ing (in mM) 120 K-gluconate, 19 KCl, 10 NaCl, 1 MgCl2, 10 HEPES,
and 5 EGTA (pH 7.2). The intracellular solution also included 50 M
Fluo-4 (Molecular Probes). For this Ca2+ imaging, the AquaCosmos
system (Hamamatsu Photonics, Hamamatsu, Japan) was used as
described previously (Okada et al., 2003; Imura et al., 2005).
GABA (Sigma), N-methyl-D-asparatic acid (NMDA; Sigma),
α-amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid (AMPA;
Sigma), glycine (Sigma), bicuculline methiodide (Sigma), 4-amino-
pyridine (4-AP; Sigma), carbamylcholine chloride (carbachol; Wako,
Osaka, Japan), and tetrodotoxin (TTX; Wako) were applied either
by focal or bath application. In dose-response experiments, drugs
were applied to the cell under investigation with a “Y-tube system”
as described previously (Yoshida et al., 2004).
After the recording session, the patch electrode was carefully
removed from the cell, and the slice was fixed overnight at 4°C in
4% paraformaldehyde (PFA) in phosphate buffered saline (PBS).
Immunohistochemistry with antibodies against PSA-NCAM or Ki67
was performed on free-floating slices as described below.
Organotypic Slice Culture
We developed an acute adult hippocampal slice-culture protocol
with slight modification of previously reported techniques (Haydar
et al., 2000; Weissman et al., 2004; Kamada et al., 2004). In brief,
live brain slices (400 m) were prepared from adult mice (6–8 weeks
old) as described above and placed onto Millicell-CM culture in-
serts (Millipore, Bedford, MA) in 6-well culture trays (Corning, Inc.,
NY) with medium containing 25% Hank’s balanced salt solution,
25% normal horse serum, and 50% DMEM supplemented with
1.32% glucose. GABA (100 M) and/or Ni2+ (100 M) were added
to the culture medium. Slices were incubated for 20 hr at 32°C with
95% O2, 5% CO2 and were then fixed overnight in 4% PFA. They
were subsequently embedded in 5% agar gel and resectioned in
50 m increments with a vibratome. The middle three sections of
each slice were immunostained.
Immunohistochemical Staining
Animals were deeply anesthetized and perfused with PBS followed
by 4% PFA in PBS and a series of sucrose-PBS solutions (10%–
30%). Whole brains were sliced into 40 m thick coronal sections
with a freezing microtome. Immunohistochemistry on free-floating
sections was performed as previously described (Koketsu et al.,
2003). Primary antibodies and dilutions used were as follows: GFP
(1:1000; rat-IgG; Nakarai Tesque, Inc., Japan and 1:1000; rabbit-
IgG; Molecular Probes), PSA-NCAM (1:500; #12E3 mouse-IgM)
(Seki and Arai, 1991, 1993), Ki67 (1:200; mouse-IgG; Novocastra,
UK), NKCC1 (1:500; rabbit-IgG; Chemicon, Temecula, CA), VGAT
(1:500; rabbit-IgG; Synaptic Systems, Germany), NeuroD (1:200;
goat-IgG; Santa Cruz Biotechnology, Inc., CA), BrdU (1:200; rat-
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(igure 8. GABAergic Treatment Promotes the Neuronal Differentia-
ion of Type-2 Cells
A) Experimental paradigm assessing the proliferation of type-2
ells.
B) Confocal micrographs of BrdU-labeled type-2 (GFP+/PSA-
CAM+) cell. Scale bar, 10 m.
C) The number of BrdU-labeled type-2 cells in dentate gyrus per ani-
al. Note the significant increase of BrdU+ type-2 cells in the GABAA-
antagonist-treated group and the decrease of BrdU+ type-2 cells in
he GABAA-R agonist-treated group. This increase occurred regard-
ess of their location along the axis of the dentate gyrus.
D) Experimental paradigm for assessing the neuronal differentia-
ion of type-2 cells.
E) Confocal micrographs of BrdU-labeled calbindin+ cells. Scale
ar, 10 m.
F) The number of BrdU-labeled calbindin+ cells in each animal.
ote the significant increase of BrdU+ new neurons in the GABAA-R
gonist-treated groups. Error bars indicate SEM (C and F). Asterisk,
< 0.05, Student’s t test for unpaired samples.gG; Harlan, Leicestershire, UK), calbindin (1:500; rabbit-IgG;
hemicon), or NeuN (1:1000; mouse-IgG; Chemicon). The second-
ry antibodies consisted of biotinylated horse anti-goat IgG (1:200;
ector Laboratories, Inc., CA), Alexa 488-conjugated goat anti-rab-
it IgG (1:200; Molecular Probes), Alexa 488-conjugated goat anti-
at IgG (1:200; Molecular Probes), rhodamine-conjugated donkey
nti-rabbit IgG (1:200; Chemicon), rhodamine-conjugated donkey
nti-rat IgG (1:200; Jackson ImmunoResearch, West Grove, PA),
hodamine-conjugated goat anti-mouse IgM (1:200; Jackson Im-
unoResearch), CY5-conjugated donkey anti-mouse IgG (1:200;
CN, Costa Mesa, CA), CY5-conjugated donkey anti-rabbit IgG
1:200; Chemicon), CY5-conjugated goat anti-mouse IgM (1:200;
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813Jackson ImmunoResearch), and CY5-conjugated mouse anti-biotin
IgG (1:200; Jackson ImmunoResearch). Images were taken with a
confocal microscope (TCS SP2; Leica, Mannheim, Germany) fitted
with individual filter sets for each channel. Image production
was then performed with Adobe Photoshop (Adobe System, San
Jose, CA).
Quantification of NeuroD Expression by Confocal
Microscopic Analysis
To quantify the expression levels of NeuroD in GFP+ cells, we ana-
lyzed cells immunostained with anti-NeuroD by confocal micro-
scopy. Fields were randomly selected in which 150 GFP+ cells were
then analyzed. The microscope settings (e.g., laser power or pin-
hole size) were kept equivalent in all experiments. The average flu-
orescence intensities were converted into numerical settings as re-
ported by Durand et al. (1997).
BrdU Labeling and GABAA-R Agonist/Antagonist Administration
For experiments involving treatment with GABAA-R agonist or an-
tagonist, 8-week-old mice were used. To investigate the specific
effect of GABAA-R agonist/antagonist treatment on cell prolifera-
tion, we treated animals once daily for 3 days with an injection (i.p.)
of phenobarbital (80 mg/kg in saline; n = 4), pentobarbital (50 mg/
kg in saline; n = 4), pentylenetetrazole (40 mg/kg in saline; n = 4),
picrotoxin (5 mg/kg in saline; n = 4), or saline (control; n = 4). 24 hr
after the last treatment, animals were given 100 mg/kg BrdU (see
Figure 8A); one day later, they were perfused, and the brains pro-
cessed for immunohistochemistry.
Animals received a single injection of BrdU to investigate the
effect of GABAA-R agonist/antagonist treatment on cell differentia-
tion. 24 hr later, they were started on a chronic regimen of pheno-
barbital (n = 4), pentobarbital (n = 4), pentylenetetrazole (n = 4),
picrotoxin (n = 4), or saline (n = 4) once every 24 hr, totaling seven
administrations (see Figure 8D). 4 weeks (28 days) after the BrdU
injection, animals were perfused, and the brains processed for
immunohistochemistry.
A modified unbiased stereology protocol that has previously
been reported as successfully quantifying BrdU labeling (West,
1999; Malberg et al., 2000) was used. Serial sections were cut (40
m sections) through the entire hippocampus. Every sixth section
was processed for multicolor immunohistochemistry with Z-plane
sectioning to confirm the colocalization of BrdU and each marker:
GFP, PSA-NCAM, or calbindin. All BrdU-labeled cells located in the
granule cell and subgranular layers were counted in each section
by an experimenter blinded to the study code. At least eight sec-
tions per animal were examined, and the total number of BrdU-
labeled cells per animal was determined and multiplied by six to
obtain the total estimated number of cells per dentate gyrus. We
carefully counted the number of BrdU-labeled cells within clusters
and omitted cells in the outermost focal plane.
Statistical Analysis
Data were expressed as mean ± SEM. The statistical significance
of the difference between means was assessed by an unpaired
two-sample Student’s t test, with the level of significance being set
at p < 0.05.
Immunoelectron Microscopy
Mice were perfused with PBS followed by 4% PFA containing 0.1%
glutaraldehyde in PB at room temperature. The brains were post-
fixed overnight in 4% PFA in PB at 4°C. The 50-m vibratome sec-
tions of the hippocampus prepared as described above were incu-
bated with rabbit anti-GFP (1:500) for 48 hr at 4°C and then with
peroxidase-conjugated goat polyclonal anti-rabbit IgG (1:100) for 1
hr. The sections were incubated with a 3,3#-diaminobenzidine tetra-
hydrochloride (DAB) solution for 15 min and then with a DAB solu-
tion containing 0.005% H2O2 for 10–15 min. Finally, they were post-
fixed with 1% OsO4 in PB, dehydrated, and embedded in Epok 812.
Thin sections (80 nm) were mounted on uncoated grids, stained
with lead citrate, and examined by electron microscopy (JEM-1230,
JEOL, Tokyo, Japan; H7600, Hitachi, Tokyo, Japan).Acknowledgments
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